Abstract. Multichannel quantum defect theory is applied in the treatment of the dissociative recombination and vibrational excitation processes for BeD + ion on its twenty four vibrational levels of its ground electronic state (
Introduction
The design of the International Thermonuclear Experimental Reactor (ITER) is aimed at demonstrating scientific and technological feasibility of fusion power [1] . It's now widely accepted by the fusion community that some form of controlled thermonuclear reactor, capable of producing a useful amount of electrical power, will be built-in the not-too-distant future. To obtain tenfold power multiplication in a controlled fusion process, at a power level greater than 500 megawatts and during pulses of 10 min or longer, exothermic reactions involving light nuclei, those between the hydrogen isotopes, are by far the most probable and efficient. The Joint European Torus (JET), in operation since 1983, has been persistently upgraded to become an ITER-like wall. It's the largest and most powerful tokamak in the world capable of operating with the deuteriumtritium fuel mix. One of the main improvements of JET was to equip the vessel with a first wall material combination comprising beryllium (Be) in the main chamber and tungsten (W) in the divertor [2, 3, 4] . The choice of these plasma facing components is expected to improve the machine conditioning, impact on operational space and energy confinement. The installation of Be and W in the main chamber wall of JET is aimed at studying the impurity evolution and material migration under plasma and material conditions relevant for ITER [5] . The selection of Beryllium in the main chamber wall is explained by its operational flexibility anticipated for a low-Z main wall [6] , its lowfuel retention and excellent getter properties confirmed experimentally [7] . In tokamak, material erosion limits the lifetime of plasma-facing components, while in the edge and divertor regions of fusion reactors, plasma-wall interactions generate new molecular species, this formation of impurities being allowed by the relatively low-temperatures of this region of the fusion plasma. Moreover, due to the strong chemical affinity of beryllium and tungsten to oxygen, those surfaces will be oxidized [8] .
In JET, the formation of BeD as well as the presence of Be, Be + , BeD + , BeT + and other impurities into the plasma are clearly described in [2, 9] and experimentally confirmed by spectroscopic methods [2, 3, 4, 10, 11, 12] . Be erosion as well as its continuous deposition towards the divertor is intrinsic to plasma operation due to the relatively high chemically assisted physical sputtering yield of Be via the radical BeD molecule [4] which dissociates via the reactions [3] :
Though deuterium ion bombardment of Be targets may cause the formation of the stable BeD 2 molecule near the main chamber, there is no spectroscopic access to the released BeD 2 molecule by chemically assisted physical sputtering of Be wall [3, 11] . Furthermore, retention of fuel elements by implantation in Be is expected to be saturated quickly due to the narrow interaction zone [7] . With the full W divertor installed in JET, all Be ions flowing into the inner divertor [10] are originated primarily in the main chamber during diverted plasma operation. Finally, the main physics mechanism responsible for the fuel retention under the Be wall conditions in the JET experiments is co-deposition of fuel in Be co-deposits [7] . The rate of fuel retention with the ion flux to the main plasma facing components in both the divertor and main chamber is increased by co-deposition of fuel atoms with Be [6, 12] . This information is in line with the measured spectral line emission of BeII (Be + ) influx [4, 11] from the main chamber into the inner divertor whose plasma-facing surfaces are a net deposition zone [10] .
In tokamaks with Be/W environment, all studies aimed at physics understanding of beryllium migration and connecting the lifetime of first wall components under erosion with tokamak safety in relation to the temporal behaviour of each fraction contribution to the long-term retention, is of great importance. The erosion mechanism itself is not studied in this work, but we are interested in data to support diagnosing beryllium in the fusion plasma. Moreover, in JET equiped with Be/W wall environment and operating with deuterium-tritium fuel mix, the rate of Be erosion is mesured by spectroscopy of all the states of the atoms and molecules, so primarily of Be, Be + , Be [2, 3] , Be + (at 527 nm and 436nm) [3] and the BeD A 2 Σ + → X 2 Σ + band emission (band head at 497-500 nm) [11] under different plasma conditions and surface temperatures, have been carried out successfully in laboratories and JET experiments.
Even though BeD + is expected to be stable in the JET divertor plasma [13] , being formed through the reactions [3, 11] ,
its A 1 Σ + → X 1 Σ + band emission in visible and ultra-violet range is not observable, due to its probable weak intensities [13, 14] , BeD and BeD + being the only beryllium hydride molecules released in the plasma [2] . Therefore, Be is the main and dominant intrinsic impurity in limited and diverted plasmas with the JET. Those impurities hugely influence the low temperature edge and divertor plasma behaviour in which electrons and ions originating from the core plasma are cooled by radiation and charge exchange processes till below 1 eV [1, 15, 16] . All molecular species in these regions undergo many collisions, particularly those between electrons and molecular ions [15] . The electron-impact processes of vibrationally excited BeD + play a key role in the reaction kinetics of low-temperature plasmas in general, and particularly also in certain cold regions of fusion reactor relevant (e.g. the divertor) plasmas. Hence, modelling and diagnosing these varied plasma environments require accurate, reliable cross-sections and rate coefficients for interactions of these molecular ions with electrons [17] which produce simpler species, most of which being unsuitable for visible spectroscopy. This complete database of cross-sections and rate coefficients for electron-impact collision processes coupled to the availability of absolutely calibrated spectroscopic emission from this molecular ion provide a way to characterise also the BeD + formation rates in the edge and divertor plasma of fusion devices.
This work is a part of a series of papers [9, 18, 19] devoted to the study of electronimpact processes in fusion devices with beryllium-based main chamber materials. We present reactive collisions cross sections and rate coefficients between electrons and the BeD + molecular ion in all vibrationnal states, relevant for the divertor and edge plasma kinetics of JET and ITER. In collision with electrons the BeD + ion undergoes several processes, in particular dissociative recombination (DR) and vibrational-excitation/deexcitation (VE/VdE), respectively [20, 21] :
where
denoting the initial(final) vibrational level of the cation. The process of dissociative excitation will be discussed in a future paper.
The manuscript is organized as follows: In Section 2, we briefly review the theoretical method used to calculate the cross sections and the corresponding rate coefficients; Section 3 presents Maxwellian isotropic rate coefficients computed for the DR, VE and VdE processes. These rate coefficients have been fitted with a modified Arrhenius law. Section 4 contains the final remarks concluding the paper.
Brief description of the theoretical approach of the dynamics
In the present paper, we used the Multichannel Quantum Defect Theory (MQDT)-type approach to study the vibrational resolved reactive collisions of beryllium deuteride cation (BeD + ) with electrons. We assumed BeD + initially in its electronic ground state, X 1 Σ + , of energies below the dissociation limit of the target. The electron-impact collision processes covered by the present article involve two mechanisms which are treated simultaneously by the MQDT [22] : (i ) the direct process, in which the electron is captured into a doubly excited resonant state BeD * * of the neutral system, resulting in two neutral atomic fragments Be and D or in autoionization,
and (ii ) the indirect process consisting in the temporary capture of the electron into BeD * , a singly excited bound Rydberg state, predissociated by BeD * * ,
In MQDT approach, the processes (i ) and (ii ) result in the total mechanism by quantum interference. As mentionned in Eqs. (6) and (7), the excited neutral system, reached by the electron capture, can autoionize to the initial electronic state of a different vibrational quantum number v + f and then expel an electron to the continuum.
Vibrational excitation takes place when v
The quantum defect approach treats the processes represented by Eqs. (6) and (7) as multichannel reactive processes involving the dissociation channels (accounting for the atom-atom scattering) and ionization channels (accounting for the electron-molecular ion scattering). Each ionization channel, for which the collision coordinate is the electron distance r from the molecular ion center, is defined by its threshold, a vibrational level v + of the molecular ion ground state and by the angular quantum number l of the incoming or outgoing electron. An ionisation channel is open if its corresponding threshold is situated below the total energy of the system, and closed in the opposite case. This later channel introduces in the calculations a series of Rydberg states differing only by the principal quantum number of the external electron [23] . Complementary, a dissociation channel, having the internuclear distance R as the collision coordinate, relies on an electronically bound state BeD * * whose potential energy in the asymptotic limit is situated below the total energy of the system.
As a matter of the fact, BeH + and BeD + ions having the same electronic structure, we used the same set of potential energy curves, electronic couplings [21] and quantum defects as in our previous work on BeH + [9, 19] , taking care to consider the reduced mass of BeD + . Moreover, as a matter of the fact the mathematical model is the same, we skip any further details and we refer to the previous article [9] .
Once the scattering matrix S for the processes DR and VE/VdE are determined, the corresponding global cross sections, as a function of the incident electron kinetic energy ε, are obtained by summation over all relevant symmetries of the system and over the projection of the total electronic angular momentum on the nuclear axes Λ of the resulting partial cross sections capture into all the dissociative states d j of the same symmetry:
where ρ sym,Λ is the multiplicity ratio between the electronic states of BeD and the electronic states of BeD + . In order to obtain the thermal rate coefficients, we have convoluted the global cross sections with the Maxwellian distribution function for velocities v (related to incident energy of the electrons by ε = 2 ) of the free electrons:
where σ(ε) is the cross sections given by (8) or (9), k and T being the Boltzman constant and the absolute temperature respectively. 
Results
Using the available molecular data -quasi-diabatic potential energy curves and electronic couplings for 2 Π, 2 Σ + and 2 ∆ states displayed in Figure 1 of [19] (for more details see as well [21, 24] ) -we have extended our previous calculations, initially restricted to the ground and weakly excited vibrational states, to all vibrational levels (up to v + i = 23) of the ground electronic state. Table 1 shows the list of vibrational levels of BeD + and the values of D e and D 0 . In the following calculations, the energy of the electron is inferior to 2.7 eV, this value corresponding to the dissociation threshold of the ground electronic state of the ion. Figures 1-4 give the whole ensemble of rate coefficients available for the state-tostate kinetics of BeD + . They illustrate the dominance of the DR in its v + i = 0 − 9 levels at low electron temperature, while the VdE becomes more important than the other processes for initial vibrational states v + i > 9. Figure 5 provides the comparison between the DR rate coefficients and the global -i.e. coming from the sum over all the possible final levels -vibrational transitions rate coefficients. One may notice that the excitation process becomes a notable competitor to DR and VdE above 1000 K only.
In order to allow the versatile implementation of the rate coefficients shown in Figs. 1-4 
over the electron temperature range 100 ≤ T e ≤ 5000 K. 
over the electron temperature range 300 ≤ T e ≤ 5000 K. The values calculated by Eq. (12) depart from the referenced values only of a few percent. The parameters
(j) are listed in the Table 3 for the monoquantic VE. The full set of coefficients for DR, VE and VdE are given in the supplementary material of the present article.
Conclusions
The present paper provides a complete state-to-state rate constants of the BeD + reactive collisions with electrons, illustrating quantitatively the competition between the vibrational transitions and dissociative recombination. We display the Maxwell rate coefficients for the molecular ion in all of its initial vibrational states and for the entire range of energies of the incident electron below the ion dissociation threshold. Arrhenius-type formulas are used in order to fit the rate coefficients as function of the electron temperature. These rate coefficients strongly depend on the initial vibrational level of the molecular ion.
These data are addressed to the fusion community -being relevant to the modeling of the edge of the fusion plasma as well as for divertor conditions -and, more generally, to the modelers of any beryllium-containing-plasmas, produced in laboratory experiments, industrial processing and natural environments. No experimental work concerning the electron/BeD + collisions can be found in the literature. Further studies, devoted to higher energy and consequently taking into account the dissociative excitation [18, 25] , as well as others, extending to isotopes of BeH + (BeD + , BeT + ) are the object of ongoing work. All these data, as well as the presently displayed ones will be of huge importance for modeling of the plasma/wall interaction [ 0.3498 × 10 +17 Table 3 . List of the parameters used in Eq. (12) for the monoquantic VE, v + in its electronic ground state (total mechanism). For VE, since the rate coefficients decrease monotonically with the excitation, the lowest final vibrational quantum number of the target is indicated only, and the lower panels extend the range down to 10 −16 cm 3 /s. 
